Direct numerical simulations (DNS) are reported for the turbulent rotating-disk boundary layer for the first time. Two turbulent simulations are presented with overlapping small and large Reynolds numbers, where the largest corresponds to a momentum-loss Reynolds number of almost 2000. Simulation data are compared with experimental data from the same flow case reported by Imayama et al. (Eur. J. Mech. B/Fluids, vol. 48, 2014, pp. 245-253), and also a comparison is made with a numerical simulation of a two-dimensional turbulent boundary layer (2DTBL) over a flat plate reported by Schlatter andÖrlü (J. Fluid Mech., vol. 659, 2010, pp. 116-126). The agreement of the turbulent statistics between experiments and simulations is in general very good, as well as the findings of a missing wake region and a lower shape factor compared to the 2DTBL. The simulations also show rms-levels in the inner region similar to the 2DTBL. The simulations validate Imayama et al.'s results showing that the rotating-disk turbulent boundary layer in the near-wall region contains shorter streamwise (azimuthal) wavelengths than the 2DTBL, probably due to the outward inclination of the low-speed streaks. Moreover, all velocity components are available from the simulations, and hence the local flow angle, Reynolds stresses and all terms in the turbulent kinetic energy equation are also discussed. However there are in general no large differences compared to the 2DTBL, hence the three-dimensional effects seem to have only a small influence on the turbulence.
Introduction 1
This paper investigates the turbulent rotating-disk boundary layer, which arises over a disk 2 rotating in otherwise quiescent fluid. In contrast to a flat-plate boundary layer, the boundary 3 layer on the rotating disk is three-dimensional. The flow is dragged along with the rotating disk, 4 but it also has a radial outward component, the so-called crossflow component, and to fulfil mass 
where * refers to a dimensional quantity, r * is the radial position on the disk and δ * = √ ν/Ω * is
The laminar boundary layer existing at lower R has a constant boundary-layer thickness that been carried out [6] [7] [8] [9] [10] and also one large-eddy-simulation study has been reported [11] . In all 27 these experiments one of the major difficulties arises from the thinness of the boundary layer,
28
which makes even single hot-wire measurements hard to carry out close to the wall and more
29
or less excludes multi-wire probes to be used, at least close to the wall. Hence, experimental 30 turbulence data are scarce for this flow, and those that have been reported also suffer from spatial 31 resolution issues.
32
There are at least two major differences compared to the two-dimensional turbulent boundary is rather weak, the flow angle at the wall was found to be 11
• by Refs. [6, 9] . In the experiments 36 by Littell and Eaton [8], X-probes were used and both the radial and azimuthal mean velocity 37 components were obtained and they showed a similar angle at their closest points to the disk (at a (or weak) wake region.
44
In the present work, DNS results for the turbulent rotating-disk boundary layer are presented.
45
The advantage of the DNS as compared to experiments is that there is no interference between 46 measurement equipment and the wall, and it is possible to obtain all velocity components in-cluding the turbulent stresses and other correlations. The results are compared, where possible,
48
with the results from Ref. [10] , but also with a 2DTBL simulation [12] . The new simulations are 49 described in §2 and results are presented and discussed in §3. Finally a summary is given in §4. Table 1 : Summary of the spectral-element mesh for the smaller turbulent simulation (R1) in terms of size of the domain [min max], number of spectral elements (N r , N θ and N z in the r, θ and z directions, respectively) and the resolution of the spectral elements in the radial, azimuthal and wall-normal directions in the equidistant region. The total number of spectral elements is 259,067. Additionally information on the time is also given where T is the total time in rotations, N T the number of timesteps and ∆T the length of the timestep. 
Simulations

Simulation code Nek5000
52
The simulations were performed with the massively parallel code Nek5000 [13] using a Spec-
53
tral Element Method (SEM). The code solves the full incompressible Navier-Stokes equations
together with the continuity equation
where U x = (u x , u y , w) are the velocities in Cartesian coordinates, p is the pressure, Re s is the 56 simulation Reynolds number and f x is a forcing term used in connection with the initial tripping, Nek5000 is such that t corresponds to the number of radians through which the disk has rotated.
61
The number of full rotations is measured by T = t/(2π at either r = 560 or r = 700, respectively. This is illustrated together with an instantaneous field 71 for case R2 in figure 1 however only a part of the spectral-element mesh is shown.
72
In the wall-normal direction the elements are stretched according to
where s is the stretching factor, z n is the coordinate at position n above the wall and z 1 = ∆z is 
where V * is the mean azimuthal velocity (in the following capital letters (U, V, W) denote mean 
86
However, since all velocities presented herein are normalised using the local azimuthal wall 87 velocity V * w = Ω * r * and the normalising length scale is δ * = √ ν/Ω * it may be more illuminating 88 to express the friction velocity and the viscous length scale normalised with these quantities,
89
which gives:
where ∆ w is the nondimensional wall gradient
Although, due to our already nondimensionalized simulations the actual calculation of v τ involves an artificial viscosity (ν s = Re 
In our case ν s is set to one.
92
The spatial resolution of the mesh can be expressed in inner scale units in all directions, The trip forcing used is described in detail in Ref.
[17], it is here transferred to the rotating- field are shown in section 3.4, whereas section 3.5 gives spectral information of the turbulence.
157
Where possible the results are compared with the experiments at the two Reynolds number by 158 Imayama et al. [10] , denoted in their paper as T01 and T02, at r = 668 and 698, respectively.
159
The corresponding momentum-loss thickness Reynolds numbers, R θ , are 1704 and 1926. In [10] 
172
The statistical quantities were azimuthally and temporally averaged, the time averaging start- properties are seen at the smallest r for both cases since the prescribed inflow is laminar.
180
The two simulations are shown simultaneously up to the radial edge position and experimen- 1 If the total wall shear stress (τ w,tot = τ 2 w,r + τ 2 w,θ ) had been used to define the friction velocity it would have increased by a mere 2%. 
252
It is also of interest to examine higher-order moments and here the skewness is presented, 253 defined as
where overbar denotes a temporal and spatial average. Here, the skewness factor is defined with 255 a negative sign in order to be comparable with the 2DTBL since in that case the high velocity 256 is the free stream. There is a clear correspondence between cases 2D01, T01 and r = 669 from 257 case R2 for the inner region shown in 7(a). In (b) there are some deviations in the outer region.
258
Figure 7(c) shows that the skewness is constant with r in the inner region in contrast to (d)
259
showing the outer region. The deviation of r = 261 is due to the boundary layer not being fully 260 developed at this position.
261
The turbulent kinetic energy (TKE) for the fluctuations is denoted by
and is shown in figure 8 (a) together with its components, all normalized by v 
Here, i and j are equal to x, y and z, and U z = W and u z = w . Calculating each full term in
265
Cartesian coordinates give scalars that do not have to be transformed to the cylindrical system.
266
The turbulent production term is a measure of mean flow energy transfer to the turbulent fluctu- 
275
Finally we calculate the Townsend structure parameter A 1 which is defined as
and gives a measure of the influence of the three-dimensionality of the flow. This is discussed at the same time instant and one can clearly see structures that are present at both levels.
295
From radial correlations of the azimuthal velocity fields (not shown here) one finds a zero-
296
crossing of the correlation function followed by a minimum at ∆r = 2.6 and 2.3 for cases R1 and 297 R2 (evaluated at r = 400 and r = 600 respectively) corresponding to about 50 and 65 in viscous 
323
The v rms level in the near-wall region is, however, shown here to be of similar amplitude 324 to the 2DTBL, in contrast to earlier experimental measurements by [10] . The v 
